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Available online 1 July 2016AbstractAn outstanding issue in the oil and gas industry is how to evaluate quantitatively the influences of water production on production per-
formance of gas wells. Based on gasewater flow theories, therefore, a new method was proposed in this paper to evaluate quantitatively the
production performance of water-producing gas wells by using gas & water relative permeability curves after a comparative study was conducted
thoroughly. In this way, quantitative evaluation was performed on production capacity, gas production, ultimate cumulative gas production and
recovery factor of water-producing gas wells. Then, a case study was carried out of the tight sandstone gas reservoirs with strong heterogeneity
in the Sulige gas field, Ordos Basin. This method was verified in terms of practicability and reliability through a large amount of calculation
based on the actual production performance data of various gas wells with different volumes of water produced. Finally, empirical formula and
charts were established for water-producing gas wells in this field to quantitatively evaluate their production capacity, gas production, ultimate
cumulative gas production and recovery factor in the conditions of different wateregas ratios. These formula and charts provide technical
support for the field application and dissemination of the method. Study results show that water production is serious in the west of this field with
wateregas ratio varying in a large range. If the average wateregas ratio is 1.0 (or 2.0) m3/104 m3, production capacity, cumulative gas pro-
duction and recovery factor of gas wells will be respectively 24.4% (or 40.2%), 24.4% (or 40.2%) and 17.4% (or 33.2%).
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Water saturation; Relative permeability; Wateregas ratio; Production capacity; Cumulative gas production; Recovery factor; Ordos Basin; Sulige gas
field; Tight sandstone gas reservoir
In the Sulige gas field, Ordos Basin, more and more gas of a water-producing gas well. As per literature [1e15], the
wells are now producing water, which is unfavorable for long-
term stable production and gas recovery because daily gas
output and cumulative production would definitely decline and
the gas wells would also be killed to lose deliverability. But
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abundance sandstone gas reservoirs” (Grant No. 2011ZX05015-001).
* Corresponding author. Research Center of Sulige Gas Field, PetroChina
Changqing Oilfield Company, Xi'an, Shaanxi 710018, China.
E-mail address: xiaof1_cq@petrochina.com.cn (Xiao F.).
Peer review under responsibility of Sichuan Petroleum Administration.
http://dx.doi.org/10.1016/j.ngib.2016.02.006
2352-8540/© 2016 Sichuan Petroleum Administration. Production and hosting by
(http://creativecommons.org/licenses/by-nc-nd/4.0/).productivity may be estimated by converting water production
into gas production or changing the permeability around the
wellbore or using the deliverability equation derived based on
the principle of mass conservation. These methods have not
been widely used in practice due to their inefficiencies or
imperfection. In this paper, a new approach was proposed
using gasewater relative permeability curves to assess the
deliverability of a water-producing gas well.
1. Gas & water relative permeability curves
Gas & water relative permeability curves are the theoretical
basis to describe gasewater flow. The symbols employed hereElsevier B.V. This is an open access article under the CC BY-NC-ND license
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Relative Permeability in Rock, which details the specifications
of relative permeability measurement for a two-phase fluid.
Gas & water relative permeability is respectively defined as
follows.
Krg ¼ Kge
KgðSwsÞ ð1Þ
Krw ¼ Kwe
KgðSwsÞ ð2Þ
As per the definition, gas relative permeability ranges be-
tween 0 and 1. In a state of saturation with irreducible water,
only one-phase fluid flow of gas exists in the rock, when gas
relative permeability is equal to 1 and there is no water pro-
duction in the gas well. Gas relative permeability decreases
with water saturation and finally approaches zero, when water
relative permeability reaches a peak. Standard variations of
gas & water relative permeability with water saturation are
shown in Fig. 1; however, the actual variations are presented
as demonstrated in Fig. 2. These trends are not in agreement
with the industry standard and should not be used anymore.Fig. 1. Standard gas & water relative permeability vs. water saturation.
Fig. 2. Actual gas & water relative permeability vs. water saturation.2. Gas recovery evaluation
Gas recovery evaluation for a water-producing gas well
involves the impacts of water production on gas productivity
(which has been discussed in many published papers) and
ultimate cumulative gas production, i.e. expected ultimate
recovery (which has not been published yet). This paper and
reference [16] quantitatively discuss what and how the gas
recovery could be evaluated for tight sandstone gas reservoirs
with strong heterogeneity. The objective is to formulate a
portfolio of techniques for enhanced gas recovery.2.1. Deliverability evaluationWhat should be noted is that the deliverability, i.e. pro-
ductivity or absolute open flow capacity, refers to gas yield at
the maximum draw down pressure, while the production refers
to gas yield at a given draw down pressure.
The deliverability and production are formulated using the
following binomial equation [17e19].
p2R p2wf ¼ AqgþBq2g ð3Þ
The deliverability of a gas well is
qAOF ¼Aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2 þ 4Bp2R
p
2B
ð4Þ
The gas yield at a draw down pressure is
qg ¼
Aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2þ 4B

p2R p2wf
r
2B
ð5Þ
The deliverability and gas yield could be estimated if A and
B are known.
As per the literature, the coefficients of the binomial
equation could be expressed as
A¼ 84:84mZTpsc
KhTsc

lg

0:472re
rw

þ 0:434S

ð6Þ
B¼ 36:9mZTpscD
KhTsc
ð7Þ
Define
C1 ¼ 84:84mZTpsc
hTsc

lg

0:472re
rw

þ 0:434S

ð8Þ
C2 ¼ 36:9mZTpscD
hTsc
ð9Þ
For a gas well without water production, i.e. water satura-
tion equal to irreducible water saturation, effective perme-
ability K in Eqs. (6) and (7) is equal to Kg (Sws), then A and B
could be estimated by
A¼ C1
	

KgðSwsÞ
 ð10Þ
B¼ C2
	

KgðSwsÞ
 ð11Þ
54 Li YG. et al. / Natural Gas Industry B 3 (2016) 52e58For a gas well with water production, i.e. water saturation
Sw larger than irreducible water saturation, effective perme-
ability K in Eqs. (6) and (7) is equal to KrgKg (Sws), then
A1 ¼ C1
	

KrgKgðSwsÞ
 ð12Þ
B1 ¼ C2
	

KrgKgðSwsÞ
 ð13Þ
The deliverability of a water-producing gas well, qAOF1, is
then estimated by
qAOF1 ¼
A1 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A21þ 4B1p2R
q
2B1
ð14Þ
The ratio of qAOF1 to qAOF, the deliverability of a gas well
without water production (Krg ¼ 1), is
qAOF1
qAOF
¼ B
B1
2
4A1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A21þ 4B1p2R
q
Aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2þ 4Bp2R
p
3
5
¼ Krg
2
4A1 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A21þ 4B1p2R
q
Aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2þ 4Bp2R
p
3
5 ð15Þ
Define
a¼
2
4A1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A21 þ 4B1p2R
q
Aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A2 þ 4Bp2R
p
3
5 ð16Þ
The deliverability of a water-producing gas well is then
estimated by
qAOF1 ¼ KrgaqAOF ð17Þ
As per Eqs. (16), a is closely related to gas relative
permeability (Krg) or water saturation.
With the deliverability equation derived from three typical
types of gas wells with different deliverabilities, the so-called
Type I, II, and III wells in this paper, drilled in the Sulige gas
field, the variation of Krga with Krg was obtained (Fig. 3). The
relationship between gas relative permeability (Krg) and water
saturation could be derived from gas & water relative
permeability curves.Fig. 3. Krg vs. Krga of different types of gas-producing gas wells.Fig. 3 shows that Krga and Krg exhibit similar trends of
variations. Krga and Krg variations with formation pressure are
shown in Fig. 4, which indicates that Krga is not affected by
formation pressure.
For different gas wells in the Sulige gas field, Krga variation
with Krg could be expressed as
Krga¼ 0:9926K2rgþ 0:0081Krg  0:0003 ð18Þ
Similarly, the gas yield from a water-producing gas well
could be expressed as
qg1 ¼ Krgaqg ð19Þ
For a known water saturation and Krg derived from gas &
water relative permeability curves, the deliverability and gas
yield at any draw down pressure could be estimated with Eqs.
(17) and (19) for a water-producing gas well.
Fig. 5 shows the variations of deliverability and gas yield
with water saturation for some typical wells in the Sulige gas
field. Gas relative permeability and the deliverability decrease
rapidly with water saturation. Given Krg were less than 0.5, the
deliverability and gas yield would decrease more rapidly.2.2. Gas recovery evaluationGas recovery, or cumulative gas production, would
decrease after water production in a gas well. Therefore, the
recovery factor of a water-producing gas well could be eval-
uated quantitatively if the cumulative gas production is
predicted.
Production decline could be defined as [16]
qg ¼ qið1þ 0:5DitÞ2
ð20Þ
Cumulative gas production is
Gp ¼
Z t
0
qgdt ð21Þ
Substitute the gas yield of the water-producing gas well,
qg1, into Eq. (21), thenFig. 4. Krg vs. Krga at different formation pressures.
Fig. 5. Variations of deliverability and gas yield with water saturation for the
typical types of wells.
Fig. 7. Gas recovery factor vs. water saturation of a water-producing gas well.
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Z t
0
qg1dt ¼
Z t
0
Krgaqgdt ¼ Krga
Z t
0
qgdt ¼ KrgaGp ð22Þ
Fig. 6 shows the variations of cumulative gas production
with water saturation (Krg) for some typical wells in Sulige gas
field. Cumulative gas production would decrease after water
production and would decrease more quickly for a higher
water saturation gas well (smaller Krg).
The recovery factor for a gas well with water saturation
could then be calculated with the cumulative gas production
(Fig. 7).
R1 ¼ Gp1
N1
¼ RKrga ð1 SwsÞð1 SwÞ ð23Þ
3. Application
Some issues should be addressed first before quantitative
estimation of the deliverability, gas yield and cumulative gas
production of a water-producing gas well. One issue is how to
determine water saturation accurately, which is generally
derived from well logging interpretation; but the accuracy
could not be guaranteed. In addition, water production rate andFig. 6. Cumulative gas production vs. Krg for different types of water-
producing gas wells.wateregas ratio are field measurements. Therefore, it is
necessary to establish the relationship between wateregas
ratio and water saturation for a water-producing gas well.3.1. Relationship between wateregas ratio and water
saturationBottom-hole water content could be expressed as follows
when condensed wateregas ratio is considered [20].
fw ¼
Bw

WGRRwgr

Bw

WGRRwgr
þ 10000Bg ð24Þ
The dependence of bottom-hole water content on water
saturation (relative permeability) is expressed as follows [12].
fw ¼ 1
1þ Krgmw
Krwmg
ð25Þ
As per Eqs. (24) and (25), the following expression could
be derived.
Krg
Krw
¼ 10000Bgmg
Bw

WGRRwgr

mw
ð26Þ
If wateregas ratio is known,
Krg
Krw
could be calculated by Eq.
(26); and then corresponding water saturation (Sw) and gas
relative permeability (Krg) could be estimated with this ratio
and lab measurements of gas & water relative permeability.
Finally gas recovery could be evaluated by this method.3.2. Case study
3.2.1. Acquisition of gas & water relative permeability
Gas & water relative permeability curves are usually
derived from lab measurements and mainly dependent on
reservoir permeability as per the analysis of available data.
These lab measurements were normalized for different
permeability scale to derive some typical curves of gas &
water relative permeability for the Sulige gas field, as shown in
Figs. 8 and 9 (with more data available, this classification
could be further detailed).
Fig. 8. Gas & water relative permeability curves (K > 0.5).
Fig. 9. Gas & water relative permeability curves (K < 0.5).
Fig. 10. Water saturation vs. Krg/Krw (K > 0.5).
Fig. 11. Water saturation vs. Krg/Krw (K < 0.5).
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with gasewater flow becomes narrower with decreased
permeability, which indicates that two-phase flow of gas and
water may mitigate with the decreased permeability (the
mechanism needs to be further discussed).
3.2.2. Conversion of gas & water relative permeability
curves
For establishing the relationship between water and gas
ratio and water saturation for a water-producing gas well, the
conventional gas & water relative permeability curves were
converted to derive the relationship between water saturation
and
Krg
Krw
, as shown in Figs. 10 and 11.
3.2.3. A calculation example
The data of per-well production rate are unavailable for
most gas wells in the Sulige gas field for the sake of lowering
costs. Therefore, only those water-producing gas wells with
the data of per-well production rate were involved in the
calculation for Su X block. Here a typical well was taken as an
example. The pay zones include the 8th Member of Lower
Shihezi Fm and the 1st Member of Permian Shanxi Fm. Theporosity is 8.2%; the permeability is 0.55 mD; formation
pressure is 29 MPa; formation temperature is 110 C. This
well was put into production in 2011 and the initial gas yield
was 1.2  104 m3; casing pressure was 18.9 MPa; wateregas
ratio was 1.48 m3/104 m3. Current gas yield is 0.6  104 m3;
casing pressure is 12.3 MPa; cumulative gas production is
891.6  104 m3. Production curves are shown in Fig. 12.
Gas recovery is evaluated as follows.
Step 1: Known WGR ¼ 1.48 m3/104 m3, KrgKrw is calculated to
be 22.1 by Eq. (22). The water saturation is derived to be
46.7% and gas relative permeability (Krg) is 0.82 as per
Figs. 8 and 10.
Step 2: As per Eq. (18) characterizing the relationship be-
tween Krga and gas relative permeability (Krg) for different
gas wells in Sulige gas field, Krga at above water saturation
is calculated to be 0.67. The deliverability is estimated to
decrease by 33% as per Eq. (17).
Step 3: Substitute cumulative gas production of
2260  104 m3 and gas recovery factor of 50% for gas
wells without water production into Eq. (22) and (23), the
ultimate cumulative gas production at the above water
Fig. 12. Production curves of a typical well in Su Block X.
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recovery factor to be 36.8%, which means that water pro-
duction would make cumulative gas production decreased
by 33% and gas recovery factor decreased by 26.4%.
Evaluation was also made on gas recovery for 27 wells with
different water production rates in the Sulige gas field and the
regression curves were established for the variations of
deliverability, ultimate cumulative gas production and gas
recovery factor with water production (wateregas ratio) (Figs.
13 and 14), which may be used as the reference for production
allocation and gas recovery evaluation for gas wells with
different water production rates.Fig. 14. Impact of wateregas ratio on gas recovery factor of a water-producing
gas well.
Fig. 13. Impact of wateregas ratio on both deliverability and cumulative gas
production of a water-producing gas well.4. Conclusions
1) Accurate gas & water relative permeability curves are
the prerequisite to gas recovery evaluation. Actually, it is
difficult to obtain accurate permeability, because the
importance has not been fully aware of and the accuracy
is affected by many factors. It is suggested to pay suf-
ficient attention to how to obtain credible gas & water
relative permeability curves.
2) This paper presents a new approach to gas recovery
evaluation using gas & water relative permeability
curves for a water-producing gas well, which could
assess the deliverability, cumulative production and re-
covery factor quantitatively.
58 Li YG. et al. / Natural Gas Industry B 3 (2016) 52e583) This approach has been verified to be credible by the
production performance of water-producing gas wells in
the Sulige gas field. Other research findings include the
variation of gas relative permeability based on statistical
analysis and empirical equations and regression curves
of deliverability, cumulative production and recovery
factor for different wateregas ratios.
4) Water production is high in the Sulige gas field and
wateregas ratio also varies greatly. If wateregas ratio is
1.0 m3/104 m3, the deliverability, cumulative gas pro-
duction, and recovery factor would decrease by 24.4%,
24.4% and 17.4%, respectively. If wateregas ratio is
2.0 m3/104 m3, the deliverability, cumulative gas pro-
duction, and recovery factor would decrease by 40.2%,
40.2% and 33.2%, respectively.
Nomenclature
Krg gas relative permeability
Krw water relative permeability
Kge effective gas permeability, mD
Kwe effective water permeability, mD
Kg (Sws) effective gas permeability in a state of irreducible
water, mD
Sw water saturation, %
Sws irreducible water saturation, %
m gas viscosity, mPa$s
Z deviation factor of natural gas
T formation temperature, K
Tsc standard ground temperature, K
pR average formation pressure, MPa
pwf bottom-hole flowing pressure, MPa
psc standard ground pressure, MPa
qg daily gas yield of a gas well, 10
4 m3/d
qAOF daily absolute open flow capacity of a gas well,
104 m3/d
qAOF1 daily absolute open flow capacity of a water-
producing gas well, 104 m3/d
qg1 daily gas yield of a water-producing gas well, 10
4 m3/
d
h net-pay thickness, m
K effective in-place permeability, mm2
re gas supply radius, m
rw wellbore radius, m
S actual skin factor
D turbulivity
qi initial flow rate of a gas well, 10
4 m3/d
Di initial decline rate, 1/mon
t production time, mon
Gp cumulative gas production in the life span of a gas
well, 104 m3
Gp1 cumulative gas production in the life span of a water-
producing gas well, 104 m3
R recovery factor of a gas well
R1 recovery factor of a water-producing gas well
fw bottomhole water contentWGR wateregas ratio, m3/104 m3
Rwgr condensed wateregas ratio, m
3/104 m3
Bw volume factor of formation water
Bg volume factor of natural gas
mg natural gas viscosity, mPa$s
mw formation water viscosity, mPa$s
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